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I. INTRODUCTION

Resistive element transducers, such as strain gages, manganin pressure
gages and nickel temperature sensors are used extensively in experimental
stress analysis. The variable of interest (deformation, pressure, or
temperature change) causes a change of sensor resistance, which must be
measured. Using the sensor as an arm of a Wheatstone bridge network is the
most sensitive circuit for measuring these often small resistance changes.
Often too, these measurements must be made in environments where electrical
"noise" may be severe enough to distort or obscure the signal of interest,

even after proper grounding and shielding techniques have been employed.
Greater signal strength is required also when digital signal acquisition
techniques are used because of the inherent loss of voltage sensitivity and
resolution. The ease of data acquisition and reduction, however, make digital
techniques very desirable, particularly for multiple channels of single,
transient events. Signal strength, and hence signal to noise ratio (S/N),can
be improved by increasing the excitation voltage of the bridge; however, power
dissipation capability of the sensor and allowable thermally induced drift

place constraints on the maximum allowable continuous excitation voltage. 2

Pulse excitation of the sensor allows higher excitation voltage without
the attendant difficulties of continuous high power dissipation. The tech-
nique can be used whert a relatively short duration (up to a few hundred
microseconds) measurement is required or where a series of short sample time,
intermittent measurements is satisfactory.

This report describes the design of a Wheatstone bridge, power supply and
associated control circuitry for use with pulse excited resistive element
transducers. The specific application was the measurement of high rate, post
yield strains with foil resistance strain gages on long rods undergoing high
velocity impact. Performance tests, calibration and data reduction procedures
and an overall error analysis are included.

II. DESIGN CONSIDERATIONS

A. Strain Gages

Foil resistance strain gages are available in a multitude of alloys, gage

lengths and geometries. The measurement of very high rate (>104 s- ), post-
yield strains up to 20 percent, however, requires short gage length and a very
ductile alloy. Micro-Measurements cype EP gages, which are an annealed

'Ralph M4oi-ris, (;h,:7,'O anvt sh ezdinq Techniq:w.s in ln.,3trznentation- 2nd
ed., John Wi ey an. 7ns, Inc., New York, Chichester, Bine, 2bron 'o, ld/'.

"Measurements Group, Inc., Optimizinj ,,traiz (,a~e Excitation LeveZs, Technical,
Note No. TN-502, Ralcigh, NC, 1979.
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constantan foil on a polyimide backing were chosen. Sharpe 3 shows that 1.57
mm gage length foil gages have response characteristics comparable to dynamic
optical strain gages, whose gage lengths are as short 9s 0.127 mm and Hauver

and Melani report that they can respond to compressive strains in excess of
20 percent. Initial, unstrained resistance was 120.0 ohms to simultaneously
maximize bridge sensitivity and facilitate proper termination of the gage to
bridge connecting cable. Both single element and planar rosette gage patterns
are usable; stacked rosettes are not recommended for high power excitation due

to their decreased power dissipation capability. 2

B. Wheatstone Bridge

The Wheatstone bridge network, Figure 1, consists of one active arm R

which includes the gage resistance Rg, and connecting cable and gage lead

resistance Rx. The remaining arms (R2 , R3 , and R4) provide a network to

balance the bridge for an initial null output and provide proper termination

for the connecting cable used. R5 is the input impedance of the output

voltage measuring device, an oscilloscope. Ein is a constant DC excitation

voltage from a low impedance source. By necessity, pulsed excitation requires
the bridge be used in the unbalanced condition, the theory of which, for

5
example, is shown by Perry and Lissner. Referring to Figure 1, bridge output

voltage is given by

E tR 1 =RR_2out in R1 + R4 2 +R 3

if R5 is an infinite impedance. For finite values of RS, the output voltage

is attenuated, and the measured output is

RS

meas E out (2)

3 W. N. Sharpe, Jr., "Dynamic Plastic Response of Foil Gages," Experimental

Mechanics, Vol. 10, No. IC, October 1970, pp. 408-414.

4G. E. Hauver ad A. Melani, "Strain-Gage Techniques for Studies of Projectile
Behavior During Penetration," Ballistic Research Laboratory Memorandum Report
No. ARBRL-MR-03032, February 1981. ADA 098660

5C. C. Perry and H. R. Lissner, The Strain Gage Primer. McGraw-Hill Book Co.,

Inc., New York, Toronto, London, 1955, pp. 48-ci.
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Figure 1. Mathematical Schematic of Wheatstone Bridge Network.
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Figure 2. Mathematical Schematic of Gage to Bridge Coaxial Cable
Termination.
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where

Z=R +(R 1 + R2) (R3 + R4 )

S R1 + R2 + R3 + R4  (3)

by the rules for parallel conductors. If the second term of Eq. 3 is much,
much smaller than R5 Z t R5 and E E to a very close approximation.muh malr h 5 5 • n meas ou

Note that if a coaxial cable is used to connect bridge output to the oscil-
loscope, R5 should be the cable's characteristic impedance. This makes

both terms of Eq. 3 of the same order of magnitude, and considerable (and for
large variations of R1 , non-linear) attenuation of Eout occurs. Thus, direct

connection of bridge output to a high impedance (one megohm) input, sans
cable, is preferred.

Depending on the type of high strain rate experiment being performed, the
gage to bridge connecting cable may need to be quite long. Cable selection is
done at this stage of the design because the bridge completion resistors and
power supply form the cable termination, which should be the characteristic
impedance. Figure 2 shows what the gage cable "sees" as impedance Z at the

bridge end. If the impedance of the voltage source, ZE is assumed negli-

gible, Z 0 R4 for values of R4 much less than one megohm.

Differentiating Eq. 1 with respect to gage arm resistance R1 yields an
expression for bridge sensitivity, which should be maximized. It can be shown
that this is achieved when R4 = R1 , approximately 120 ohms. Thus, cable

characteristic impedance should be close to this value. Also, low attenuation
(air-spaced) cables are preferred. Thus, the choice is limited to RG-63/U
(125 ohm) and RG-62/U (93 ohm) coaxial cable. The latter was chosen because
of its ease of handling (smaller diameter), ready availability, and decreased
cost. Signal transmission characteristics of both cables are comparable,
while bridge sensitivity is decrtased orily 1.5 percent using 93 rather than
125 ohms for R4.

Before power dissipation specifications for the bridge completion resis-
tors can be determined, maximum excitation voltage must be established. The
primary consideration is gage stability. Reference 2 provides guidance in
this matter, but an experimental determination of maximum excitation voltage
under which tolerable gage resistance instability occurs should be performed.
The resistance instability manifests itself as "apparent strain." that is, a
purely temperature induced change of gage resistance. Pulsed excitation for
short periods causes non-equilibrium heating of the gage grid material, back-
ing, glue line and substrate specimen material. Apparent strain vs temp-
erature curves supplied by gage manufacturers cannot be used as correction
factors because their tests are performed at equilibrium temperatures.
Appendix A details power dissipation limits for pulse excited annealed
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constantan foil strain gages mounted on steel. A power density (PD) of 0.235

W/mm2 causes bridge output to drift approximately 0.3 microstrain per

microsecond of excitation. The active area of the grid (Ag, gage length X

grid width, mm ) is used in the calculption, aid acceptable excitation voltage
is given by Eq. 4.

x xAED g(R R

in R g x 4) (4)

The use of strain gages with gage lengths longer than 3.18 mm and grid widths
in -xcess of 4.57 mm would be inconsistant with the dynamic measurement
requirements, thus the remaining bridge and power supply components are
designed for a maximum operating voltage of 36 volts, while 15 volts is used
for the 1.57 mm square gages. Continuous excitation would limit the voltage
to about 5.5 for this size gage, thus S/N is improved by a factor of better
than 2.7.

Equation 1 shows that bridge output can vary because of resistance changes
in Rg, the intended measurement, and changes in any of the bridge completion

resistors. For this reason, high stability, low noise resistors with fast
risetime characteristics are desired. Deposited metal film resistors meet
these requirements, and have the power dissipation capability needed. For
example,R 4, which is 93 ohms, requires a short term power rating in excess of

14 watts; this situation arises should the gage become shorted. A ten watt,

50 percent overload for five seconds maximum, metal film resistor is available

in a heat sinkable standard TO-3 package at modest cost. The upper bridge arm

resistors, R2 and R 3are chosen to make the second term in Eq. 3 muc, much

smaller than one megohm, yet large enough to keep current drain on the power
supply small. Additionally, portions of these two resistances must be
embodied in a tapped potentiometer to initially oalance the bridge. A ten
turn, wirewound potentiometer provides good balance resolution if the variable
portions of R2 and R3 are about ten percent of their total values. Values of

690 and 515 ohms were used for the fixed portions of R2 and R3 ,respectively,

using one watt metal film resistors. The balanctng potentiometer is 100 ohms,
two watt, with eight microhenry inductance. By Eqs. 1 thru 3, bridge output

voltage is attenuated less than 3.5 x 10-3 dB. Nominal impedance of the
bridge is 185 ohms when balanced for a 120 ohm gage. The balancing sensitiv-
ity is such that a 120 ohm gage can be balanced to ±0.010 ohms, or±45 micro-
strain. Figure 3 is a graph of normalized bridge output vs change of gage
resistance and can be used to estimate expected signal levels for given
resistance changes and excitation voltages.
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C. Pulse Power Supply

The pulse power supply is of the voltage regulated, capacitive discharge
type. See Figure 4 for schematic diagram. The voltage to which the capacitor
is initially charged (the desired excitation voltage) is regulated by a five
percent tolerance zener diode. Capacitor size requirements depend upon the
degree of discharge voltage stability required and pulse duration. Stability
requirements are directly related to the bridge output voltage resolution.,

which must be on the order of the balance resolution. For the bridge
designed, the minimum output resolution should be±0.8mV. This is the minimum

resolvable with an 8-bit digital oscilloscope on the ±100 mV scale, and is

±0.4 percent of full scale. Bridge output voltage for constant load should be
constant to this percentage extent, as should excitation voltage due to the
direct proportionality. Pulse duration requirements greater than 200
microseconds were not anticipated, so a 470 microfarad electrolytic capacitor,

discharging into a nominal bridge load of 185 ohms, provides the required
voltage stability over this time. Batteries are used to charge the capacitor

since the power supply must float with respect to ground when single-ended
amplifiers are used. This also eliminates cross-talk problems associated with

a common charging supply when multiple channels are used. Charging resistors

(15 K-ohm) are chosen to minimize battery drain while supplying sufficient

current so the zener diode regulates properly, and initial charge up time is
reasonable, about 60 seconds.

An NPN Si power transistor (2N3441)6 is used as the switch to turn the

bridge excitation voltage on and off. Current flows from the capacitor thru

the transistor as collector current, IC' to the bridge load. Sufficient base

current, IB1 must be provided so the power transistor is conducting in its low

forward impedance range over the expected range of I The base current is

provided by a nine volt battery thru the phototransistor of an optocoupler

7.(TIL117) in a modified Darlington configuration. The resistance-capacitance

network in the base current circuit limits the rate of IB' and provides a

"soft start" for the power supply. This soft start is required because high
*

current slewing rates, even thru small reactances in the bridge circuit,

produce back emf overshoots-at the bridge output. -- These overshoots can

saturate sensitive oscilloscope preamplifiers to the point where instability

and drift seriously affects the measurement. The soft start does increase the

turn-on response time, (see Performance Tests, below) but this can be dealt

with by trigger control circuitry, described below.

6 Radio Corporation of America, Inc., Power Transistors1 Databook -No. SSD-2040,

Somerville, NJ, 1974, pp. 109-115.

7Texas Instruments, Inc., The Optoelectronics Data Book for Design Engineers
5th ed., Dallas, TX, 1978, pp. 114-118.

The RG-62/U coaxial cable presents the largest unbalanced inductance in the
bridge circuit, 0.41u 1/rm. Thus, even modest cable lengths can add signifi-
cant reactance.

13
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Figure 4. Schematic Diagram of Pulse Power Supply and Wheatstone
Bridge Circuit.
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The optocoupler provides the necessary ioolation between the floating base
current circuit and the common pulse duration control signal. The control
signal is the forward current thru the photodiode of the optocoupler and is a
timed DC pulse.

D. Control Circuit

The control circuit schematic for the pulse power supply and oscilloscope
trigger is shown in Figure 5. It is a sequential timer using MC1455P1

8
integrated timing circuits, and the input trigger requirement is compatible
with TTL levels. (A time-domain pre-event trigger circuit that is useful for
triggering instrumentation in impact tests is described in Appendix B.) A
negative edge trigger at the 47 picofarad input coupling capacitor triggers
timer ICI and 2. ICI sources current to the 2N3441 power transistor base, and
the collector current is the control signal. The power transistor is used
because it was desired to control up to 14 pulse power supplies simultaneously,
requiring more current than the timer IC itself could source. The duration of
the control signal is variable from 5 to 450 microseconds and is controlled
by the 25K-ohm potentiometer. IC2 provides a delay of 10 to 300 microseconds
before IC3 is triggered, which provides a > +10vdc signal to trigger the
oscilloscopes and/or other instrumentation. This delay between power supply
turn-on and oScilloscope trigger allows the power supply and bridge circuit to
stabilize before recording any of the output signal, thus conserving record
length and providing a common timing reference point.

III. PERFORMANCE TESTS

The performance tests on the power supply, switching circuit and bridge
were performed using a five watt, one percent tolerance, 120 ohm metal film
resistor as a substitute for the strain gage. This allowed a broad range of
tests to be performed without concern for limitations imposed by the strain
gage itself. Except where noted, all tests were performed in situ, that is,
pulsed on with the control circuit and the Wheatstone bridge was the load. The
gage substitute was connected to the bridge with 14 meters of RG-62/U coaxial
cable, which added 2.55 ohms series resistance to the gage arm. The desired
range of strain measurement is ± 20 percent, the upper limit of epoxy-based
strain gage adhesives. Strain t, is calculated using

1 (5)

where R is the resistance of the strained gage, and R is the initial,g o

unstrained resistance. This expression for strain results when (2 + t) is

8 MotoroZa, 111., L Dltc 1 ''amed Ciroudts, Ser'es C, Phoenix, AZ, 1979, pp.
6-44 - 6-)0.
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used as the gage factor (G.F.) in the well-known expression aR/R = G.F. c

relating resistance change and strain. The usual convention of positive
tensile and negative compressive strain is followed. The gage manufacturer
suggests, and independent tests confirm,0 that this non-linear gage factor

is correct for large strain. Thus, gage resistance may vary unidirectionally
down to 76.8 ohms and up to 172.8 ohms from 120.0 ohms. Under these
conditions, bridge load range is 152.2 to 222.6 ohms. These values are used
as the maximum load excursions affecting excitation voltage stability.

A. Excitation Voltage Stability

Two factors affect excitation voltage stability: a) the exponential
voltage decay of the discharging capacitor, and b) the variation of
collector-emitter voltage across the switching transistor as collector current
changes. The measurement of compressive strains compounds these two factors

because as bridge load decreases, current requirements increase, which
hastens voltage decay and increases collector-emitter voltage. The first
factor is easily determined, the second depenJs on the output characteristics
of the transistor type, which must be measured.

The base current available is 7.5 milliamperes and Figure 6 shows
collector current, IC vs collector-emitter voltage, E CE A d', ade resistance

box was the load, the capacitor charged to 36 volts, and pulse duration was
100 microseconds for these measurements. Differential amplifiers were used to
simultaneously measure E and the voltage across the load. The output
characteristic curve show that the transistor conducts with low forward
impedance (1.0 to 4.4 ohms) over the range of 20 to 210 milliamperes. Note
that this impedance variation destroys the gage cable termination by less than
five percent. The combination of excitation voltage and bridge load, tu
include maximum excursions, however, should be such that I is within this
range. Also shown in Figure 6, as the right hand ordinate, is the excitatior
voltage applied across a 185 ohm balanced bridge load corresponding to the
collector current iodicated.

Hauver and Melani4 report that total recording times of 150 microseconds
are required to completely record the strain-time histories of some impact
experiments. This, in addition to the 30 microseconds required for stabili-
zation of the power supply and bridge circuit after, turn-on, necessitates a

minimum pulse width of 180 microseconds. Table 1 tabulates the range of
operation to allow this pulse width for several common zener diode voltages.

The allowable ranges are calculated by limiting the change in ECE plus the

voltage decay over the pulse width indicated to less than or equal to 0.4
percent of the excitation voltage. The m,!asurement of tensile strains

presents no limitations to the desired limit of 20 percent because the two

9M1easurements Group, [ha., High HZonqation StrI ain Me, iir§ments, Technical 'Tip'

No. TT-605, Raleigh, ,NC', i983.

10 R. E. Franz, "Thc Aleaeuremcnt of Large Stra-.ns with Foil Resistance Strain

Gages," Bal liatic, R&xx az'oh Laboratory Technical Repol-t No. ARBRL-TR-O2.ld9,
August 193,.ý ADA 133 68?
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factors affecting voltage stability tend to negate each other. The use of
excitation above 22 volts, however, places some restriction on the magnitude
of compresive strains which can measured and still insure excitation voltage
stability. The allowable ranges of collector current and collector-emitter
voltage lie within the envelope surrounding the characteristic curve in Figure
6.

B. Response Time

The turn-on response time of the power supply and bridge circuit
determines the usable window of the pulse width, and is taken as the time
required for excitation voltage and/or bridge output to reach its steady state
value under constant load, whichever is longer. Figure 7a shows the control
signal to the photodiode used to switch the power supply on and off. The
10.32 volt signal has a rise time of less than 100 nanoseconds and a pulse
width of 198.75 microseconds. Also shown is the point at which the control
circuit triggers the oscilloscopes in normal operation, 30 microseconds after
control signal turn-on. The input signal to the control circuit (Figure 5)
was used as the trigger in these tests, and this is taken as zero time. The
bridge was statically balanced by applying five volts continuous DC excitation
while monitoring output with a microvolt null detector.

The excitation and output voltage waveforms (Figure 7b and 7c) using a 15
volt zener diode (capacitor voltage 14.470) show mid-pulse excitation voltve
was 14.355 volts and was within ±0.4 percent of this value from 29.5 to 219.5
microseconds. The output voltage was 0.0 ± 0.8 mV (the minimum resolvable)
from 21.0 to 241.0 nicroseconds. The usable window is determined by exci-
tation voltage stability and the response time is 29.5 mi'croseconds. A
similar test using a 30 volt zener diode (capacitor voltage 28.530) shows
mid-pulse excitation was 28.201 volts and met 'he stability criterion from
21.5 to 212.0 microseconds (Figure 7d), and output voltage was stable from
26.5 to 227.0 microseconds (Figure 7e). Here, the usable window is determined
by output voltage stability. In both cases, however, the 30 microsecond pre-
trigger is adequate time for the device to stabilize. Note that the exci-
tation for both voltages remains on longer than the control signal. This is
due to the capacitor in the switching transistor base circuit sourcing current
after control signal turn-off, and transistor storage time. The true usable
window of pulse width is, however, 30 microseconds after control signal turn-
on to control signal turn-off.

The over-/undershoots of the bridge output voltages are due to the exci-

tation voltage slewing rates acting uton reactances in the bridge load, and

not due to the absolute magnitude of excitation because balanced bridge output

is independent of excitation magnitude. Note that the peaks coincide with the

steepest portions of the excitation voltage waveforms, i.e.,at the highest
slewing rates, and that the magnitude of the peaks increases with excitation
voltage. These magnitudes of approximately 20 millivolts should not overdrive

an amplifier ; however, "hard" turn-on of the power supply with 36 volt exci-

tation produces an. undershoot of 110 millivolts, which could be detrimental.

In contrast, hard turn-on of a balanced bridge in which no coaxial cable is

used produces an overshoot of only 7 millivolts. Thus the cable is the most

reactive element of the bridge, and very long cables may severely degrade
overall performance.
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The slewing rate of current in the bridge which causes reactance induced
instabilities to occur in the output can be used to estimate the strain-rate
response characteristics of the bridge circuit. For this determination, an
instability is defined as an induced voltage greater than the input noise
level departing from the steady state condition. Specifically, this is an
output of greater than 0.8 millivolts departing from the null balanced output.

Current in the gage arm of a balanced bridge is given by

n/~ Rg +
1g = E + Rx +R 4 ) (6)

and slewing rate by

9 ~ =R °Ei 94) +i(Rg + R + inI =-E. x 4 E
g in ( + R 4+)2 R+R +g + 4 Rg x R4 (7)

In the tests illustrated in Fijure 7, all derivatives of resistance with
respect to time are zero, and Ein was + 0. 2 3v/ps at the onset of output

instability for both voltages investigated. Thus the maximum magnitude of I

is 1.067 x 103 A/s. During the usable window of the pulse width, the second
term of Eq. 7 is on the order of unity, and thus is negligible. During
dynamic straining, only R is non-zero, and this term can be expressed ing
terms of strain rate, i by differentiating Eq. 5. The maximum apparent strain
rates to which the bridge can faithfully respond in terms of both strain and
strain rate is given by

2
i.1 jgjm~x(Rg + R +R)

1m• = 2E (R RP
(8)

where IgJmax is experimentally determined for a given type bridge and cable

design. Higher excitation voltages and increased bridge sensitivities tend to
degrade strain rate response capabilities. Because bridge sensitivity is
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non-linear for a quarter-bridge arrangement, the rate response characteristics
are a function of the level of strain also, being less for compressive strains
and greater for tensile strains, than the zero-strain value. The apparatus

described here should respond to apparent strain rates of 104 s-I at 20
percent compressive strain, provided excitation is 16.5 volts or less.

The position of the gage arm in the bridge is such that excessive real
strain rates will cause bridge output to indicate greater resistance changes
than have actually occurred due to strain. Apparent strain rates, as
determined from the slopes of strain vs time records, will also be in error.
If these apparent strain rates are greater than tnose determined to be
acceptable by Eq. 8, the dtata analyst should suspect that errors in strain
magnitude are also presen4 .. Apparent strain rates are always less than real
strain rates, however, because of gage length resolution.

IV. CALIBRATION AND DATA REDUCTION

Raw, time resolved strain data for each gage is obtained by Eq. 9

E(t) R(t)/R -g (9)

These can be further reduced by correcting for angular misalignment of the

gage axis with the intended axis of measurement, transverse sensitivity, 1 2

and applying the appropriate rosette analysis, all of which are beyond the
scope of the present report. R is measured directly using a digital multi-

0

meter in four terminal resistance modes; R is determined by using measuredg
bridge output voltages in an algebraically manipulated form of Eq. 1. Circuit
constants must be either directly measured or calculated based on calibration
data. Two assumptions are made in reducing both the calibration and test
data: 1) the excitation voltage is constant over the measurement window, that
is, variation of Ein with respect to resistance and time is negligible, and 2)

that bridge balancing sensitivity and output voltage resolution are such that
the bridge may not be initially perfectly balanced. Both assumptions are
supported by the performance test data.

Calibration data are obtained for each power supply/bridge circuit by
measuring bridge output voltages for three known resistances of R1 : RIB. RIC

1 1Measurements Group, Inc., Errors Due to Misalignment of Strain Gages, Tech-

nical Note No. TN-511, Raleigh, NC, 1983.

1Measurements Group, Inc., Errors Due to Triesverse Sene'i• ,ity in Strain
Gages Technical Note No. TN-509, Raleigh, NC, 1982.
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and RIT All three include the gage cable and lead resistance, RX; the first

includes the gage (R ) only, while the remaining two have precision metal film
resistors in paralleT and series, respectively, with the gage. The resistors
are chosen to create nearly equal voltage excursions from that obtained with
the gage only, which is at or near balance, although it need not be so. Also,
the calibration voltages are greater than 80 percent of full scale on the most
sensitive range of the oscilloscope to minimize relative uncertainty. All R1

and bridge resistor R4 are measured in the same manner as R0.

Let EB9 EC and ET be the bridge output voltages measured at mid-usable

pulse width, obtained with measured resistances RIB, R1C and RIT, respec-

tively, comprising the gage arm resistance. Let the second term in paren-

theses of Eq. 1, R2 /(R 2 + R3 ), be the balance ratio, Rbal, calculated by

S(IC R IT

R T 1 R4 C R IT + 4
Rbal -ET E - (10)

The excitation voltage, Ein is given by

E T E C

RIT RIC

RIT +R 4  Rbal RIC +R Rbal (11)

Thi actual zero-strain output voltage may be calculated by

Ebase in Ri 4 Rba (12)

and compared with EB as a crosscheek; the diffArence between the two should be
less than the minimum resolution. The non-linear relationship between R. and

bridge output voltage requires calculation of a resistance offset given by

Roffset =RIB - Rdum (13)



where Rdum is

Rhal

Rdum R bal 
(14)

This is, in effect, a dummy resistance that R would have to be to have true

balance with the current balance ratio. Equations 10 thru 14 provide the
circuit constants needed for data reduction.

If E (t) is the bridge output voltage during straining, a quantity X(t) is5

given by

E (t) - EbaseX st baEe+Rba
E in bal (15)

and gage arm resistance is

X(t) R +P
R1(t) -(t) 4 'offset ( (16)

Gage resistance for use in Eq. 9, R (t) is obtained by subtracting the leadg

resistance RX from the result of Eq. 16.

An assessment of the uncertainty and overall accuracy of the strain meas-
urements made with this apparatus was made. The resistances R measured with
the digital multimeter are accurate to ± (0.002 percent R + 4 milliohms), with
one milliohm resolution. Calibration and strain signal voltages measured with
an 8-bit digital storage oscilloscope arc accurate to ± 0.5 percent of full
scale, with 0.8 millivolt resolution. A rigorous mathematical *reatment of
the uncertainties associated with the measured quantities in Eqs. 9 thru 16
provides an estimate of the external error associated with the strain meas-

urement.13 Using 15 volts as a nominal excitation, strain data are accurate
to ± (1.4 percent ( + 375 microstrain), with 110 mlcrostrain resolution.
Increasing thp excitation voltage improves resolution (up to the balancing
sensitivity of 45 microstrain with 36 volts); however, overall accuracy
remains essentially the same. Appendix C contains a !iple calibration and

"1N. Cook and E. Rabinowitz, llhysicat Measurement and Anaiysis. Addison-Wcsley
Pubptahini Co., Readinh, 1963, pp. 29-35.
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data reduction and shows the accuracy is actually on the order of the reso-
lution of the measurement scale.

V. SUMMARY

A pulsed power supply and Wheatstone bridge circuit for measuring large,
high strain rate strains with foil type resistance strain gages has been
designed, constructed and evaluated for overall performance. The unit has a
signal to noise ratio up to six times better than conventional strain gage
signal conditioning equipment and can be used to measure static strains by

discrete sampling or dynamic strains at rates up to 10 4 s- 1 over a sample
time of 35 to 200 microseconds. Strains to ± 20 percent can be measured with
an overall accuracy of ± (1.4 percent e + 375 microstrain). The compact,
self-contained unit (10.5cm L x 6.Ocm W x 8.Ocm H, 250g) shown in Figure 8
connects directly to an oscilloscope, and a simple trigger control circuit,
also described herein, is the only additional equipment required. Thus, the
unit is well suited for field testing, as well as laboratory applications.
The complete design specifications included allow the unit to be adapted for
use with other types of resistive element transducers, such as pressure gages
and temperature sensors.
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Figure 8. Self-Contained Pulse Power Supply and Bridge. The BNC plug permits
direct connection to an oscilloscope. Both the power supply and
switch batteries are mounted on the bottom of the device.
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APPENDIX A

OPTIMIZING PULSE EXCITATION LEVELS FOR CONSTANTAN FOIL STRAIN GAGES

The Measurements Group, Inc., publication, Optimizing Strain Gae
2

Excitation Levels, provides an excellent summary of the factors affecting
choice of excitation level for strain gages, and includes recommended power
density ranges based on the level of accuracy required and the heat sinking
capability of the substrate to which the gage is bonded. The recommended
power densities are for conti"jous excitation, however, and are intended to
minimize zero-shift due to apparent strain within the level of accuracy stated.

Apparent strain is a temperature induced change of gage resistance, and
under equilibrium temperature conditions, errors due to apparent strain can be

A-i
corrected. During pulse excitation, however, thermal equilibrium between
the grid material and the substrate is not achieved due to the low thermal
conductivity of the gage backing. Consequently, the grid material is heated,
but cannot expand in the plane of the gage. It may expand out-of-plane.
however, effectively increasing the cross-sectional area of the grid. Since
the resistance R(ohms) of a conductor is given by

R = p L/A (A-1)

2
where A - cross-sectional area, cm

L - length, cm
p - resistivity, ohm-cm

increasing A causes resistance to decrease. Thus, compressive apparent strain
is indicated when the grid becomes heated.

Power density is a convenient parameter when discussing strain gage
excitation levels because it takes into account variations in instrumentation
design and gage geometry, as well as excitation voltage. The power to be

2
dissipated in the gage grid is I Rg, where I is the current passing thru

the gage, Eq. 6. Power density is simply this power divided by the active
area (gage length x grid width) of the gage. Appai•ent strain zero-shift may
be calculated from bridge output voltage zero-shift.

Tests were performed on annealed constantan foil strain gages to determine
apparent strain zero-shift vs pulsed power density. The specific gage tested
was a Micro-Measurements EP-08-062AK-120, bonded with methyl-.2-cyanoacrylate
to a 1.2 mm wall, 24.7 mm O.D. AISI 1020 steel tube. A 0.025 mm polyurethane
protective coating was applied over the installation, in accordance with the
gage manufacturers recommendations. The steel substrate was chosen as

A-lMeasurements Group, Inc., Temperature Induced Apparent Strain a;d Gage

Factor Variation in Strain Gages- Technical Note No. TN-504, Raleigh,
NC, 1976.
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typical, and has "good" heat sink capability. The gage was connected to a
pulse power supply/Wheatstone bridge circuit of the type described in this

report with 25 cm of RG-62/U coaxial cable. Zener diodes ranging from 10 to
43 volts regulated excitation voltage, which was pulsed on for 200 micro-
seconds. Actual pulsed excitation voltages across the bridge were measured
directly to ± 5 millivolt accuracy, while bridge output voltages were measured
to ± 50 microvolt accuracy.

Zero-shift vs excitation time for several power densities is shown in
Figure A-i. After the 30 microseconds required for circuit stabilization,
zero-shift increases at nearly constant rate for each power density, and the
rate of zero-shift increases with power density. The rate of zero-shift does
decrease somewhat with time, however, as heat generated in the grid is con-
ducted to the substrate. This, of course, occurs more rapidly for higher grid
temperatures. It is expected that for very long excitation times, the zero-
shift would stabilize as the grid reached thermal equilibrium.

The rate of zero-shift was assumed constant, and the data reduced to
apparent microstrain per microsecond of excitation using Eqs. 15, 16, and 9,
and assuming initial balance. These zero-shift rates are plotted vs power
density in Figure A-2, and the error bars indicate the uncertainty. A linear
least squares fit was performed on the data, and the result is the solid line.
Of interest is the intersection of the line with the power density axis,

0.0568 W/mm2, corresponding to zero zero-shift rate, and hence, no zero-shift.
2

This is in the range of 0.031 - 0.078 W/mm , indicated on the figure, recom-

mended by the gage manufacturer as the maximum continuous power densities. 2

To use the curve for estimating optimum pulse excitation levels, the
allowable zero-shift rate must be determined. This is the strain measurement
resolution divided by total excitation time, pel/us. The power density can
then be read from the curve, and excitation voltage calculated by Eq. 4. The
measurement resolution using this excitation should be re-evaluated to deter-
mine if the power density is acceptable. A word of caution concerning use of
this curve is in order. The data were obtained using short (200 microsecond)
pulse widths, good substrate heat sink capability and a strain gage with 08
self-temperature compensation (S-T-C). (Thermal coefficient of expansion 8

ppm/ F (14.4 ppm/!C).) For much longer pulse widths, the rate of zero-shift
may be inversely proportional to substrate thermal conductivity. The S-T-C
number also affects the slope of the line in Figure A-2. Lower thermal
expansion coefficients (S-T-C number) allow greater power densities for a
given zero-shift rate and vice versa. Because quarter bridge output and the
strain reduction used are both non-linear, extrapolation to much higher power
densities is not recommended without verification of applicability.
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APPENDIX B

TIME DOMAIN PRE-EVENT TRIGGER FOR CONSTANT VELOCITY IMPACT SYSTEMS

The acquisition of transient experimental data requires precise triggering
of instrumentation to insure recording the events of interest. An automatic,

electronic time delay trigger device, developed by Merritt and Anderson, B- is
useful in impact studies because it provides a trigger at or just before
impact. The device is a TTL up/down counter, and operates in this manner.
Two passive circuits that detect the passage of a projectile or fragment are
spaced a distance X along the projectile's line of flight, the second a
distance 2X from the target. When the projectile arrives at the first
circuit, the counter starts incrementing one count for each pulse provided by
a 1 MHz oscillator. Upon projectile arrival at the second circuit, the
counter stops incrementing, and starts decrementing one count for each two
1 MHz pulses. Thus, it takes the counter twice the time to decrement to zero
as it did to count up. A projectile travelling at constant velocity will take
twice the time to travel a distance 2X as it does to travel IX, so it will
reach the target at the same time the counter returns to zero. A comparator
circuit detects the return to zero and outputs a trigger pulse.

The developers state that spacing the target 'slightly' greater than twice
the inter-detection-circuit spacing from the second circuit will provide a
trigger before impact. This is space domain pre-event triggering, and the
amount of time before the event depends on the amount of this 'slightly'
greater spacing and the projectile velocity. If time domain pre-event
triggering is required, as for example to allow pulsed instrumentation to
stabilize, either the velocity must be known beforehand to calculate the
distance, or an alternative device must be developed. This appendix describes
a modification to the original trigger predictor circuit to allow time domain
pre-event triggering.

Merritt and Anderson provide an excellent description of the detailed
operation of the device, and the reader is directed to their report. The
entire circuit diagram, Figilre B-I, with the modification is included here,
however, for clarity and completeness, and Table B-I lists the integrated
circuits used.

In the original design, the 12 bit binary counter, IC8, 9 and 10, has each
output register Q connected to an inverter, IC6A-F and IC7A-F. The inverter
outputs, which are open collector, are all tied together and to a single 1
K-ohm pull up resistor. When any counter register is in the high logic level
state, i.e., counter not at zero, the corresponding inverter output is in the
low logic level state, and the pull up current is sunk to ground. So output of
the paralleled inverters is high only when all counter registers are zero.
The low to high transition when the counter decrements to zero triggers a
monostable multivibrator, (not shown in schematic) which provides a trigger
pulse. Also, an output to reset the STOP flip-flop, ICIA, to prevent decre-
menting past zero is provided to prevent subsequent retriggering.

B-1D. F. Merritt and C. E. Anderson, Jr., "X-Ray Trigger Predictor: Automatic

Electronic Time Delay Device for Flash X-Ray Systems," Ballistic Research

Lavoratory Technical Report No. ARBRL-TR-02284, January 1981. ADB 056362
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TABLE B-I. ICs USED IN PRE-EVENT TRIGGER DEVICE

IC No. Type No. Function

lA-B,4 SN7474 D-type, positive edge triggered
flip-flop

2A-D SN7408 2-input positive AND gate, totem pole
output

3D-E, 5A-F SN7404 Inverter, totem pole output

6A-F, 7A-F SN7405 Inverter, open collector output

8,9,10 SN74193 Positive edge triggered, 4-bit binary
up/down synchronous counter

11A-C, 12C-D SN7400 2-input positive NAND gate, totem pole
output

The modification involves splitting the inverter outputs with a diode and
providing pull up current to both parallel inverter circuits thru 1 K-ohm
resistors. Current cannot flow cathode to anode, so when the counter regis-
ters corresponding to those inverters tied to the cathode side are zero,
output is high regardless of the state of the registers on the anode side.
Conversely, current may flow in the opposite direction, so output of the
ir .. ers tied to the anode is low when any register is high. Thus two
outputs are available, one from the anode side when the counter has decre-
mented to zero, and another from the cathode side. The time before zero that
the cathode side goes high depends on the number of registers n tied to the
anode side, and is given by

Si-1

2 Al
i 1 (B-1)

where 4 is the period of the oscillator providing decrement pulses. In this
case n is 4 and 41 is 2 microseconds, so pre-event time is 30 microseconds.

IC11A-C comprise the output section, replacing the monostable multi-
vibrator in the original device. The output of IC11A is used to reset the
STOP flip-flop in a fashion similar to the original version of the circuit.
IC11C provides the pre-event trigger signal, a TTL level high to low traas-
ition. IC11B is used as a low active OR gate to enable output. One input,
pin 5, is normally high, the other, pin 4, is low only when the STOP flip-flop
has been triggered. Thus IC11A and IC11C are enabled only during decrementing
of the counter.
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The output may be manually triggered by momentarily causing pin 5 of IC11B

to be low. This is done with the flip-flop switch comprised of IC12C and D
and the resistance-capacitance circuit. The manual trigger can be used for
pre-shot testing and calibration of other instrumentation.

To insure that the desired amount of pre-event time is obtained, the
counter must increment to at least all registers associated with the anode
side of the diode. The time is given by Eq. B-I, where 4 is the period of the
increment pulses, 1 micrcsecond. The projectile velocity and detection
circuit spacing must be such that 15 microseconds or more "count up" time is
obtained. This is not a severe limitation unless velocity is very high or
circuit spacing is very small. If this situation is not met, the circuit will
still trigger, but the pre-event time will be only twice the count up time.

Timing accuracy of the device is limited by the asynchronicity of the
START and STOP pulses with the oscillator pulses. Incrementing, the uncer-
tainty is zero to +1 count and decrementing, zero to -1 count for a total
uncertainty of ±3 microseconds. Thus, the pre-event trigger can occur between
27 and 33 microseconds before impact. One hundred tests show the uncertainty
is random, with a mean pre-event time of 30.1 ±.1 microseconds and a standard
deviation of 1.5 microseconds. The uncertainty could be decreased by using a
higher frequency oscillator, but this would necessitate additional counter
bits to retain the counting capacity.
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APPENDIX C

SAMPLE CALIBRATION AND STRAIN DATA REDUCTION

A typical calibration and simulated strain data reduction was performed,
with total pulse durations of 200 microseconds and the bridge output voltages
measured at mid-usable-pulse-width, 115 microseconds after turn-on. The
actual excitation voltages, not normally directly measured during calibration,
were measured with an oscilloscope with a differential preamplifier for com-
parison with the calculated value. The most general case of the bridge being
slightly unbalanced initially was used in the example. A five watt, 120 ohm
metal film resistor was used as a gage substitute and connected to the bridge
with 14 meters of RG-62/U coaxial cable. A nominal 15 volt zener diode
regulated the excitation voltage. Table C-i shows directly measured cali-
bration resistances and bridge output voltages needed to calculate the circuit
constants, as well as the measured excitation voltages. Table C-2 shows the
calculated circuit constants based on the data of Table C-i. The calculated
excitation and baseline bridge output voltages are in excellent agreement with
the measured values.

To test the strain data reduction procedure, several compressive strain
simulations were performed. Precisicn metal film resistors were inserted in
parallel with the gage substitute to simulate a gage under strain, and the
bridge output measured on several oscilloscope scales, each with different
resolution, to test the validity of calibration on one scale and signal mea-
surement on another. The resistance of the "gage under strain" was measured
directly, and this value used to calculate the "actual strain." The "calcu-
lated strain" and uncertainty were determined from output voltage and reso-

lution limit. The difference between the two determinations is the error. See
Table C-3.

The error associated with these measurements is on the order of the
resolution of the measurement scale. Calibrating on a high resolution scale
provides more accurate circuit constants, and the scale may be changed to

accommodate the expected range of measurement without loss of calibration.
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TABLE C-i. MEASURED CALIBRATION CONSTANTS

R (M) Eout (mv) Ein (v)

R = 119.6640

R 4 = 92.9686

RIB = 122.274 EB = -15.3 13.825

R1T = 124.725 ET = +52.0 13.835

R1C = 119.880 EC = -82.4 13.840

TABLE C-2. CALCULATED CIRCUIT CONSTANTS

R (29) R (2/M) Rdum (1) Roffset ()) Ein (v) Ebase (mv)

2.610 0.56918 122.825 -0.551 13.826 -15.23

TABLE C-3. DATA REDUCTION AND COMPARISON WITH ACTUAL STRAIN

Es + res (mv) Cale ± res (,At) act (ME)a Error (pe)

-50.4 + 0 .8b -5306 + 120 -5443 -137

-52.8 + 1.6 -5667 + 241 -5443 +224

-150.4 + 1.6 -20211 + 241 -20121 +90

-48 * 16 -4945 ± 2406 -5443 -448

-144 + 16 -19265 ± 2406 -20121 -856

-1488 + 16 -198435 ± 2406 -198779 -344

a+S3

bSame scale and resolution as calibration measurements
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